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(57) ABSTRACT

A method that uses software-pipelining to translate pro-
grams, from higher level languages into equivalent object or
machine language code for execution on a computer, includ-
Ing sparse arrays/matrices. In one example embodiment, this
1s accomplished by transforming sparse array matrix source
code and software-pipelining the transformed source code to
reduce recurrence 1nitiation interval, decrease run time, and
enhance performance.
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SYSTEM AND METHOD FOR
SOFTWARE-PIPELINING OF LOOPS WITH
SPARSE MATRIX ROUTINES

TECHNICAL FIELD OF THE INVENTION

This invention relates generally to compilers for comput-

ers, and more particularly to software-pipelining techniques
for sparse matrix routines.

BACKGROUND OF THE INVENTION

Optimizing compilers are software systems for translation
of programs from higher level languages mto equivalent
object or machine language code for execution on a com-
puter. Optimization generally requires finding computation-
ally eflicient translations that reduce program run time. Such
optimizations may include improved loop handling, dead
code elimination, software-pipelining, improved register
allocation, instruction pretfetching, and/or reduction 1n com-
munication cost associated with bringing data to the pro-
cessor from memory.

Certain programs would be more useful 1if appropnate
compiler optimizations are performed to decrease program
run time. One such program element 1s a sparse matrix
routine appropriate for matrices constituted mostly of zero
clements. Instead of simultancously storing in computer
memory every element value, whether 1t 1s zero or non-zero,
only integer indices to the non-zero elements, along with the
clement value itself, are stored. This has the advantage of
greatly decreasing required computer memory, at the cost of
increasing computational complexity. One such computa-
tional complexity 1s that array elements must now be indi-
rectly accessed, rather than directly, 1.e. the address of any
array element cannot simply be determined as an offset from
the base by the size of the array type, but rather the index of
the array element must first be accessed and that index
provides the needed oflset from the base.

Common compiler optimizations for decreasing run time
do not normally apply to such indirectly accessed sparse
matrix arrays, or even straight line/loop code with indirect
pointer references, making suitable optimization strategies
for such types of code problematic. For example, statically
disambiguating references to indirectly accessed arrays is
dificult. A compiler’s ability to exploit a loop’s parallelism
1s significantly limited when there 1s a lack of static infor-
mation to disambiguate stores and loads of indirectly
accessed arrays.

A high level language loop specifies a computation to be
performed iteratively on different elements of some orga-
nized data structures, such as arrays, structures, records and
so on. Computations in each iteration typically translate into
loads (to access the data), computations (to compute on the
data loaded), and stores (to update the data structures in
memory). Achieving higher performance often entails per-
forming these actions, related to different 1terations, concur-
rently. To do so, loads from many successive iterations often
have to be performed belore stores from current iterations.
When the data structures being accessed are done so indi-
rectly (either through pointer or via indirectly obtained
indices) the dependence between stores and loads 1s depen-
dent on data values of pointers or indices produced at run
time. Therefore, at compile time there exists a “probable”
dependence. Probable store-to-load dependence between
iterations 1n a loop creates the ambiguity that prevents the
compiler from hoisting the next iteration’s loads and the
dependent computations above the stores from the prior
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iteration(s). The compiler cannot assume the absence of such
dependence, since 1gnoring such a probable dependence
(and hoisting the load) will lead to compiled code that
produces 1ncorrect results.

Accordingly, conventional optimizing compilers must
conservatively assume the existence of store-to-load (or vice
versa) dependence even when there 1s no dependence. This
1s generally referred to as “memory dependence.” Compilers
are often not able to statically disambiguate pointers in
languages such as “C” to determine whether they may point
to the same data structures, which are generally referred to
as “collisions.” This prevents the most eflicient use of
speculation mechanisms that allow instructions from a
sequential mstruction stream to be reordered. Conventional
out-of-order uniprocessors cannot reorder memory access
instructions until the addresses have been calculated for all
preceding stores. Only at this point will 1t be possible for
out-of-order hardware to guarantee that a load will not be
dependant upon any preceding stores.

A number of compilation techniques have been developed
to 1improve the efliciency of loop computations by increasing
instruction-level parallelism (ILP). One such method 1is
sofiware-pipelining, which improves the performance of a
loop by overlapping the execution of several independent
iterations. The number of cycles between the start of suc-
cessive 1terations 1n software-pipelining 1s called the initia-
tion interval, which 1s the greater of the resource 1nitiation
interval and the recurrence initiation interval. The resource
initiation 1nterval 1s based on the resource usage of the loop
and the available processor resources. The recurrence ini-
tiation 1nterval of the loop 1s based on the number of cycles
in the dependence graph for the loop and the latencies of a
processor. A higher instruction-level parallelism for the loop
can be realized 1f the recurrence imitiation interval of the
loop 1s less than or equal to 1ts resource initiation interval.
Typically, this condition 1s not satisfied for loops whose
computations involve sparse arrays/matrices. The body of
such a loop typically starts with a load whose address 1n
itself 1s an element of another array (called the index array)
and ends with a store whose address 1s an element of the
index array. In the absence of static information, the com-
piler does not know about the contents of the elements of the
index array. Hence, 1t must assume that there 1s a loop-
carried dependence edge from the store 1n one iteration to
the load 1n the next iteration. This makes the recurrence
initiation interval much higher than resource nitiation nter-
val.

Techniques to reduce recurrence mitiation interval and
improve struction-level parallelism use methods, such as
loop unrolling and data speculation to exploit parallelism
within a loop body. However, loop unrolling does not exploit
parallelism across the loop-closing back edge, 1.e., there 1s
parallelism only within an unrolled loop and not outside the
unrolled loop. This generally results in poor instruction-
level parallelism at the beginning and end of the loop body.
In the case of data speculation, the technique assumes almost
no collisions exist in the index array to achieve maximal
performance within the loop body. However, performance
gain from data speculation significantly diminishes if there
are any collisions 1n the index array, resulting 1n a lower
performance.

BRIEF DESCRIPTION OF TH.

L1l

DRAWINGS

FIG. 1 1s a flowchart illustrating a method and program
for software-pipelining sparse arrays/matrices, 1 accor-
dance with one embodiment of the present invention.
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FIG. 2 1s a flowchart illustrating a method and program
for software-pipelining transformed sparse array matrix
code, 1n accordance with one embodiment of the present
invention.

FIG. 3 1s a graph illustrating reduction of recurrence
initiation interval using software-pipelining, in accordance
with the one embodiment of the present invention.

FIG. 4 1s a graph illustrating software-pipelining of the
transformed code and performing run time dependency
checks on current and subsequent iterations to reduce recur-
rence 1nitiation interval, in accordance with one embodiment
ol the present invention.

FIG. 5 1s an example of a suitable computing environment
for implementing embodiments of the present invention.

DETAILED DESCRIPTION

The various embodiments of the present invention pro-
vide methods, systems and programs for software-pipelining
indirectly indexed arrays, such as sparse arrays/matrices so
that recurrence mitiation interval 1s reduced and thereby
improving instruction-level parallelism. The technique 1is
presented as a high level transformation of loops.

In the following detailed description of the embodiments
of the present invention, reference 1s made to the accompa-
nying drawings that form a part hereof, and in which are
shown, by way of illustration, specific embodiments 1n

which the present imvention may be practiced. These
embodiments are described in suilicient detail to enable
those skilled 1n the art to practice the present mnvention, and
it 1s to be understood that other embodiments may be
utilized, and that changes may be made without departing
from the scope of the present mmvention. The following
detailed description 1s, therefore, not to be taken 1n a limiting
sense, and the scope of the present invention 1s defined only
by the appended claims.

The terms “sparse array” and “sparse matrix” are used
interchageably throughout the document.

Soltware-pipelining 1s a compilation technique that
improves the performance of a loop by overlapping the
execution of several independent 1terations. This improves
the utilization of available hardware resources by increasing,
the instruction-level parallelism. The number of cycles
between the start of successive iterations i1s called the
iitiation interval, which i1s the greater of the resource
initiation nterval and the recurrence initiation interval. The
resource 1mtiation interval 1s based on the resource usage of
the loop and the processor resources available. The recur-
rence initiation interval 1s based on the cycles 1n the depen-
dence graph for the loop and the latencies of the processor.

A higher 1nstruction-level parallelism for the loop can be
realized 11 the recurrence nitiation interval of the loop 1s less
than or equal to 1ts resource 1nitiation interval. Typically, this
condition 1s not satisfied for loops whose computation
involves sparse arrays/matrices. The body of such a loop
typically starts with a load whose address in 1tself 1s an
clement of another array (called the index array) and ends
with a store whose address 1s an element of the index array.
In the absence of static information, the compiler does not
know about the contents of the elements of the index array.
Hence, it must assume that there i1s a loop-carried memory
dependence edge from the store 1n the current iteration to the
load 1n the next iteration. This makes the recurrence nitia-
tion interval much higher than resource imitiation interval.
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The following example illustrates the problem of recur-
rence 1nitiation interval being higher than resource 1nitiation
interval 1n a vectorizable loop requiring computation of
sparse arrays/matrices:

First consider a loop performing computations on arrays
that are directly accessed:

for (i=0; i<100; i++) afi]=afi]+c/i];

"y

Each iteration in the above loop updates a different
clement of the array a and can therefore be executed 1n
parallel with subsequent 1terations.

Now consider the following loop, which represents sparse
“Gather Vector Add,” illustrates a common operation 1n
sparse matrix computations:

for (i=0; i<100; i++) afbfi]]=a[bfi]]+cfi];

The element of the array a, that 1s updated 1n an iteration
1 15 determined by the value of the element b[1]. Wherein
a|b[1]] 1s the sparse array and b [1] 1s the index array. Since
the address of the store of a|b[M]] 1n 1teration M cannot be
disambiguated from the load of a]b[M+1]] in i1teration
(M+1), there 1s a “potential” loop-carried memory depen-
dence edge from the store to the load. The recurrence cycle
1s caused by the following chain of dependence edges:

load (of a[b[i]])—=add (to a[b[i]])—=store (of a[b[i]])
—load (of a[b[i1+1]])

This makes the recurrence 1nitiation interval much higher
(assuming typical operation latencies) than resource 1initia-
tion interval for this loop.

Following 1s an example Intel® Itanium® architecture
code generated for the above loop, without software-pipe-
lining:

bl_1: /21 cycles per iteration

{ .mmi

1d8 9=[r32].8 /f cycle O: load b[1]
Idfs f8=[r34].4 /f cycle O: load ¢[1]
nop.1 0 :;

+{ .mmi
shladd r2=r9,2,r33 ;; // cycle 2: address of (a[b[1]])
Idis f7=[12] /f cycle 3: load a[b[i1]]
nop.1 0 :;

}{ .mfi
nop.m 0
fma.s fo=t7.11.48  // cycle 12: add a[b[i]] + ¢[1]
nop.1 0 :;

}{ .mib
stis [r2]=16 /f cycle 20: store add result a[b[1]]
nop.1 0

br.cloop.sptk .b1_1;; // cycle 20:

The above loop has a resource initiation interval of 2
cycles (4 memory operations) and a recurrence initiation
interval of 17 cycles (load latency of 9 cycles, and fma-st
latency of 8 cycles) when using a processor such as the
Intel® Itantum® processor.

One possible solution for the compiler to reduce recur-
rence 1nitiation interval 1s to use the techmique of data
speculation, 1n processor architectures such as the Intel®
[tantum® architecture, which provides a mechanism for the
compiler to break, possible but unlikely, store-to-load
memory dependencies. It 1s possible to efliciently software-
pipeline the above example loop using data speculation.
Such a loop will have a scheduled 1nitiation interval of 3
cycles, since a chk. a instruction will be introduced 1nto the
loop to recover from a speculation failure (1.e., when the
“possible” dependence 1s a “true” dependence). The perior-
mance of the loops with and without data speculation when
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using a processor such as the Inte® Itamum® processor 1s
typically much better with data speculation than without 1t,
for example as much as ¥5 as many cycles for the former as
compared to the latter.

However, 1t 1s generally not known how often the index
array elements collide, 1.e., b [1]==b [j] for 1 !5 (i.e., the
possible dependence becomes a true dependence). It the chk.
a operates at least 15 times in this loop (etther because of
true collisions 1n the mndex array b [1], or even because of
false Advanced Load Address Table (ALAT) conflicts,
which 1s a contlict detection structure 1n the Intel® Itanium®
processor), the performance gain due to data speculation will
disappear and the resultant performance will be actually be
worse than that of the software-pipelined loop without data
speculation. This 1s because, for example, the penalty of a
chk. a istruction miss 1s about 100 cycles 1n the Intel®
[tanium® processor.

One possible prior-art solution to this problem relies on
dynamic run time disambiguation of the index array ele-
ments. This technique uses unrolling and results 1n reducing,
the recurrence 1nitiation interval from about 17 cycles to 9
cycles. The unrolling techique 1s accomplished by generat-
ing compoled code that unrolls a few iterations of the loop
and dynamically detects store to load dependencies at run
time. The dependence check code 1s used to compinsate for
the lack of static information to disambiguate beteween
stores and loads of indirectly accessed arrays.

However, using embodiments of the present invention for
sofiware-pipeliming of such loops described above can fur-
ther reduce the recurrence mitiation interval from 9 cycles to
about 5 cycles. This can translate 1nto a performance gain for
such loops over the above-described unrolling technique.
This 1s because software-pipelining according to the
embodiments of the present invention exploits parallelism
within the loop body, as well as across the loop-closing back
edge, which the unrolling technique does not exploit.
According to certain embodiments of the invention, there 1s
provided dynamic run time disambiguation of the elements
of an index array using otherwise-idle 1ssues slots 1 a
soltware-pipelining schedule. The following outlines some
of the principles of the embodiments of the present inven-
tion:

1. In 1teration M, the values of b[M-1], b[M-2], and
b[M-3] are held in rotating registers. Similarly, the
values of a|b[M-1]], a[b[M-=2]], and a[b[M-3]] are
also held in rotating registers.

2. The value of a[b[M]] 1s loaded into a separate register.
If b[M] 1s equal to any of b[M-1], b[M-2], or b| M-3],
then the value of a[b[M-1]], a[b[M=2]], or a|b[M-3]]
1s respectively used instead to compute the new value

ol a[b[M]]. Otherwise the value of a|b[M]] that was
just loaded 1s used.

3. The worst-case scenario can be that b|M|=—=b[|M-1]. In
such a case, the just computed value of a[b[M-1]] 1s
used to compute the new value of a[b[M]]. Hence the
recurrence 1nitiation interval of this loop 1s 5 cycles,
since the latency of one Floating Point Multiply Add
(FMA) 1nstruction to another FMA 1s 5 cycles for a
processor such as a processor having the Intel® Ita-
nium® architecture.

FIG. 1 illustrates a first example embodiment of a method
100 according to the present invention. In this example
embodiment, the objective 1s to parallelize execution of
subsequent independent iterations 1n an 1ndirectly accessed
sparse array matrix using software-pipelining to increase
instruction-level parallelism and decrease 1nitiation interval.
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At 110, sparse array matrix code 1s transformed to per-
form a run time dependency check using a predetermined
number of prior computed values. The following example
illustrates transformed code for the source code 1illustrated
earlier:

b0 = —1; // Initialize to an illegal value for b[i]
bl = -1; // ditto
b2 = -1; // ditto
for (i=0;1i < 100; i++) {
b3 = b[i];
c3 = c[1];
if (b3 == b2) {
a3 = a2 + ¢3;
I else if (b3 == bl) {
a3 =al + ¢3;
I else if (b3 == b0) {
a3 = al + ¢3;
}else {
a3 = a[b3] + ¢3;
h
a[b[1]] = a3;
a0 = al; al = a2; a2 = a3; // mcopy instructions
bO = bl; bl =b2; b2 = b3; // mcopy instructions

At 120, the above transformed sparse array matrix code 1s
soltware-pipelined by performing the run time dependency
check 1n a current iteration using the predetermined number
of prior computed values. In some embodiments, the trans-
formed source code will be software-pipelined by marking
the loop-carried memory dependence edge from the store of
a[b[1]] to the load of a[b[1]] as having a distance of 4, since
we explicitly keep the values of a|b[1-3]], a[b[1-2]], and
a|b[1-1]] 1n a0, al and a2, respectively. This transformation

can be envisioned as virtually unrolling the loop by a factor
of 3.

Software-pipelining the above example transformed code
results 1n a soitware-pipelined loop with an initiation inter-
val of 5 cycles. As mentioned above, software-pipelining
with data speculation for this loop will give us an 1nitiation
interval of 3 cycles. However, this 1s under ideal conditions,
when there are no real or false ALAT contlicts. In this loop
with 100 1terations, even when there are just 2 ALAT
contlicts (again assuming the penalty of a chk. a miss to be
100 cycles), the real mitiation interval of the software-
pipelining loop with data speculation will be 5 cycles. Then
the performance of the loop with the novel method will
equal that of the loop with software-pipelining data specu-
lation. When there are 3 or more ALAT conflicts, the real
initiation interval of the software-pipelining loop with data
speculation will be 6 cycles or more, and this example
embodiment can result 1n 1mproved performance.

In the absence of additional information, the software-
pipelining embodiments of the invention may perform better
than data speculation, even 1f the probability of the loop-
carried store-to-load dependence 1s very small.

In some embodiments, resource 1nitiation interval 1s based
on resource usage ol the dependence loop and available
processor resources. Also 1n these embodiments, recurrence
initiation 1nterval 1s based on the number of cycles 1n the
dependence graph for the loop and latencies of the processor.

Further, as described above, various example embodi-
ments ol the present invention provide for reducing the
recurrence imtiation interval in sparse arrays/matrices to
optimize translation of programs and reduce run time. In
addition, the above-described embodiments increase
instruction-level parallelism and reduce mnitiation interval
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using soltware-pipelining to enhance the performance of
computations that involve sparse arrays/matrices.

Furthermore, the various embodiments described above
can be applied to undisambiguated pointer stores from N
prior 1iterations to current loads that otherwise cause con-
servative compiles to senalize. Following are some of the
examples of vectorizable loops requiring the undisambigu-
ated pointer stores:

1. for (1 =0; I <« 100; 1++)

a[b[1]] = a[d[1]] + ¢[1];
2. for (1 = 0; I<100; 1++)
a[*b] = a[*b] + ¢[i];

b++;
h

3.for (1 = 0, I<100; 1++)
a[*b++] = a[*d++] + c[1];

h

4.for (i =0; 1 < 100, i++) {
s += a[b[i]] + cl[i];
alb[i]] =r + c2[i];

Referring now to FIG. 2, there 1s illustrated an example
embodiment 200 of software-pipelining transformed sparse
array matrix code illustrated at 110 imn FIG. 1. At 210, this
example embodiment 200 computes a predetermined num-
ber of variables based on a virtual unrolling factor. In some
embodiments, the predetermined number of variables 1is
computed using the equation:

M=Ceiling (Recurrence I'FMA Latency) -1

where M 1s the virtual unrolling factor, 1.e., the number of
previous iterations from which the computed values have
been temporarily held 1n registers.

For the above-transformed source code and the example
given previously above, using for example the Intel® Ita-
nium® processor, the recurrence initiation interval 1s 17
cycles and the FMA latency 1s 3. Using the above equation,
the predetermined number of variables, 1.e. the wvirtual
unrolling factor M, 1s 3.

At 220, the computed predetermined number of variables
1s mitialized. In the example previously given above, the
variables by, b,, .. .b,, , and a,, a,, . .. a,,_, are computed
and b,, b, ...b,, , are mitialized to an illegal value for the
b array, say to —1. In these embodiments, 1nitialization 1s
done outside the loop.

At 230, inside the loop body, prior computed values are
loaded mto the predetermined number of variables. In the
running example embodiment, the value of b[i] 1s loaded
into the variable b, , and the value of c¢[1] 1s loaded 1nto the
variable c,,.

At 240, again mside the loop body, the prior computed
values are assigned to a predetermined number of registers.
In the running example embodiment, a nested, 1i-then-else
statement 1s created 1nside the loop. It (b,, ,==b,,), then the
variable a,, 1s assigned the value of the right hand side
(RHS) computed using the value of a,, , rather than the
value of a[b, . Similarly, the nested 1f statement continues
by comparing (b,, ,==b,,). If this 1s true, then the variable
a,, 1s assigned the value of the RHS computed using the
value of a,, , rather than the value of a|b, . This 1s per-
tformed until the comparison (b,==b,,) 1s complete. When
none of the above comparisons are true (the final else clause
in the nested if-then-else statement), that means the current
index array element 1s not equal to any of the previous
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(M-1) elements. In this case, the variable o, ,1s assigned the
value of the RHS computed using the value of a[b, ].

In some embodiments, the value 1n a,, 1s stored in the
array element a[b[i1]]. A series of moves (annotated as
“mcopies”) are created at the end of the loop: b,=b,; b,=
b,;...b,, ,=b,,and a,=a,;a,=a,;...a,, ;=a,, These move
operations will be performed by register rotation (and hence
will be eliminated) by the software-pipelining phase. The
loop-carried memory dependence 1s changed from a distance
of 1 to a distance of (M+1).

As described above, multiple 1terations are software-
pipelined to reduce recurrence nitiation interval, perhaps by
overlapping execution of dependence loop instructions in
multiple dependent iterations in the sparse arrays/matrices.
In these embodiments, software-pipelining includes paral-
lelizing the multiple iterations using the prior computed
values to reduce recurrence 1mtiation interval based on the
run time dependency check. In these embodiments, depen-
dence loop body instructions are parallelized between the
subsequent independent 1iterations. Loop body instructions
are based on clock cycles. The above-described run time
dependency check and parallelizing the dependence loop
instruction improves the efliciency of loop computations by
increasing the instruction-level parallelism.

Although flowcharts 100 and 200 include acts that are
arranged senially in the exemplary embodiments, other
embodiments of the present mnvention may execute two or
more acts 1n parallel, using multiple processors or a single
processor organized as two or more virtual machines or
sub-processors. Moreover, still other embodiments may
implement the acts as two or more specific interconnected
hardware modules with related control and data signals
communicated between and through the modules, or as
portions of an application-specific integrated circuit. Thus,
the exemplary process flow diagrams are applicable to
soltware, firmware, and/or hardware implementations.

Referring now to FIG. 3, a graph 300, 1n various example
embodiments, illustrates the recurrence initiation interval
required for an unpipelined sparse array matrix code 310, an
unrolled sparse array matrix transformed code 320, and a
soltware-pipelined sparse array matrix transformed code
330. It can be seen 1n FIG. 3 that the recurrence initiation
interval reduces from 17 cycles per iteration requirement to
5 cycles per 1teration requirement when using the methods,
systems, and programs according to the present invention
with, for instance, an Intel® Itanium® processor. In this
example embodiment, the soltware-pipelined sparse array
matrix transformed code 330 requires only 5 cycles per
iteration and 5 stages. It can be seen 1 FIG. 3 that the
soltware-pipelined sparse array matrix transformed code
330 provides a sigmificant improvement, by reducing the
recurrence initiation interval, over the unpipelined sparse
array matrix code 310 and the unrolled sparse array matrix
transformed code 320.

Retferring now to FIG. 4, a graph illustrates an example
embodiment 400 of the software-pipelined version of the
transformed code and performing run time dependency
checks on current and subsequent iterations to reduce recur-
rence 1nitiation interval. The graph 1n FIG. 4 shows 1tera-
tions on the x-axis and cycles on the y-axis. FI1G. 4 illustrates
an example 5 stage software-pipeline that provides a con-
tinuous overlap between subsequent iterations. The columns
410 and 450 show computations for iterations 1 and 1+4,
respectively.

In the first column 410, 1.e., the first iteration, the values
a0, al, and a2 correspond to the stored values of a[b[1-3]].
a[b[1-2]], and a[b[1-1]], respectively. Similarly, the values
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of b0, b1, and b2 correspond to b[1-3], b[1-2], and b[1-1],
respectively. As we go from iteration 1 to 1+1, the value of
al moves to a0, the value of a2 moves to al, and the value
of a3 moves to a2. Similarly, the value of bl moves to b0,
and the value of b2 moves to b1, and the value of b3 moves
to b2, as we go from 1teration 1 to 1+1. These transfers are
virtual and are achieved by register rotation 1n a processor,
such as an Intel® Itanium® processor and such transiers can
also be achieved by move instructions in other processor
architectures that do not provide register rotation.

The loop-carried memory dependence from the store of
a[b[1]] to the load of a[b[1+1]] 1n the next 1teration no longer
exists. This 1s because the stored values of a[b[1-3]], a|b[1-
21], and a[b[1-1]] are remembered. Because of this trans-

formation, only the loop-carried memory dependence from
the store of a|b[1]] 460 1n the first column 410 to the load of
a[b[1+4]] 470 1n the fifth column 4350 exist 1.e. the loop-
carried memory dependence 1s now across 4 1iterations. FIG.
4 shows the need for 5 iterations, 1.e., between the first
iteration and the fifth iteration the dependents are taken care
of in the second through fourth iterations. The load of
a[b 1+4]] in the fifth iteration 1s obtained from the store of
a[b[1]] 1n the first iteration. That 1s why five iterations are
needed in the software-pipelining of this example embodi-
ment of the present invention.

This technique reduces recurrence initiation interval of
sparse arrays/matrices by virtual unrolling. 1.e., keeps the
values computed 1n previous iterations in rotating registers
and uses them 11 needed as described above. Some embodi-
ments of the mvention exploit features, such as predication,
rotating registers, and special branches for software-pipe-
lining, provided 1n a processor such as, but not limited to,
those of the Intel® Itanium® processor family architecture.

Various embodiments of the present invention can be
implemented 1n software, which may be run in the environ-
ment shown in FIG. 5 (to be described below) or 1n any other
suitable computing environment. The embodiments of the
present invention are operable 1n a number of general-
purpose or special-purpose computing environments. Some
computing environments include personal computers, gen-
cral-purpose computers, server computers, hand-held
devices (including, but not limited to, telephones and per-
sonal digital assistants of all types), laptop devices, multi-
Processors, microprocessors, set-top boxes, programmable
consumer electronics, network computers, minicomputers,
mainframe computers, distributed computing environments
and the like to execute code stored on a computer-readable
medium. The embodiments of the present invention may be
implemented 1n part or in whole as machine-executable
instructions, such as program modules that are executed by
a computer. Generally, program modules 1nclude routines,
programs, objects, components, data structures, and the like
to perform particular tasks or to implement particular
abstract data types. In a distributed computing environment,
program modules may be located 1n local or remote storage
devices.

FIG. 5 shows an example of a suitable computing system
environment for implementing embodiments of the present
invention. FIG. 5 and the following discussion are intended
to provide a brief, general description of a suitable comput-
ing environment 1n which certain embodiments of the inven-
tive concepts contained herein may be implemented.

A general computing device, 1n the form of a computer
510, may include a processing unit 502, memory 504,
removable storage 512, and non-removable storage 514.
Computer 510 additionally includes a bus 505 and a network
interface (NI) 501.
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Computer 310 may include or have access to a computing
environment that includes one or more mput elements 516,
one or more output elements 518, and one or more commu-
nication connections 520 such as a network interface card or
a USB connection. The computer 510 may operate 1 a
networked environment using the communication connec-
tion 520 to connect to one or more remote computers. A
remote computer may include a personal computer, server,
router, network PC, a peer device or other network node,
and/or the like. The communication connection may include
a Local Area Network (LAN), a Wide Area Network (WAN),
and/or other networks.

The memory 504 may include volatile memory 506 and
non-volatile memory 508. A variety ol computer-readable
media may be stored 1n and accessed from the memory
clements of computer 510, such as volatile memory 506 and
non-volatile memory 508, removable storage 512 and non-
removable storage 514.

Computer memory e¢lements can include any suitable
memory device(s) for storing data and machine-readable
instructions, such as read only memory (ROM), random
access memory (RAM), erasable programmable read only
memory (EPROM), electrically erasable programmable read
only memory (EEPROM), hard drive, removable media
drive for handling compact disks (CDs), digital video disks
(DVDs), diskettes, magnetic tape cartridges, memory cards,
Memory Sticks™, and the like; chemical storage; biological
storage; and other types of data storage.

“Processor” or “processing unit,” as used herein, means
any type of computational circuit, such as, but not limited to,
a microprocessor, a microcontroller, a complex instruction
set computing (CISC) microprocessor, a reduced 1nstruction
set computing (RISC) microprocessor, a very long instruc-
tion word (VLIW) microprocessor, explicitly parallel
instruction computing (EPIC) microprocessor, a graphics
processor, a digital signal processor, or any other type of
processor or processing circuit. The term also includes
embedded controllers, such as generic or programmable
logic devices or arrays, application specific integrated cir-
cuits, single-chip computers, smart cards, and the like.

Embodiments of the present imvention may be imple-
mented 1n conjunction with program modules, including
functions, procedures, data structures, application programs,
etc., for performing tasks, or defining abstract data types or
low-level hardware contexts.

Machine-readable 1nstructions stored on any of the above-
mentioned storage media are executable by the processing
unmit 502 of the computer 510. For example, a computer
program 325 may comprise machine-readable instructions
capable of software-pipelining sparse array matrix code
according to the teachings and herein described embodi-
ments of the present invention. In one embodiment, the
computer program 523 may be included on a CD-ROM and
loaded from the CD-ROM to a hard drive in non-volatile
memory 508. The machine-readable instructions cause the
computer 510 to oflload the received electronic packets to
one of the available methods and programs according to
some embodiments of the present invention.

The various embodiments of the compilers and methods
and systems of translation of sparse arrays/matrices
described herein are applicable generically to any compu-
tationally eflicient translations that reduce program run time,
and the embodiments described herein are 1n no way meant
to limait the applicability of the present invention. In addi-
tion, the techniques of the various example embodiments are
useful for translation of programs from higher level lan-
guages nto equivalent object or machine language code, any
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hardware implementations, or translation of programs, soft-
ware, irmware and algorithms. Accordingly, the methods,
systems and articles of manufacture of the present invention
are applicable to such applications and are in no way limited
to the embodiments described herein.

What 1s claimed 1s:

1. A method comprising;

performing a run time dependency check during a current
iteration using prior computed values obtained from a
predetermined number of previous adjacent iterations
1n a sparse array matrix;

parallelizing dependent 100p 1nstructions between the
current iteration and subsequent multiple iterations by
using the computed values to make the dependence
loop 1nstructions into independent loop 1terations so as
to 1ncrease instruction-level parallelism and reduce
recurrence 1itiation interval 1n the current iteration as
a function of the run time dependency check during the
current iteration; and

computing a virtual unrolling factor using the recurrence
initiation interval and latency 1in number of cycles of a
floating point multiply add operation 1n the sparse array
matrix, wherein the prior computed values are based on
virtual unrolling using the computed virtual unrolling
factor.

2. The method of claim 1, wherein the virtual unrolling

factor includes three previous iterations.

3. The method of claim 1, turther comprising;:

assigning the prior computed values to a predetermined
number of adjacent registers.

4. The method of claim 1, further comprising;:

performing register rotation to include computed values
obtained from the current iteration; and

repeating performing the run time dependency check and
parallelizing the dependence loop i1nstructions to
increase the instruction-level parallelism and reduce
the recurrence 1nitiation interval in a next iteration.

5. A method comprising:

transforming sparse array matrix code to perform a run
time dependency check using a predetermined number
of prior computed values;

soltware-pipelining the transformed sparse array matrix
code to perform the run time dependency check 1n a
current iteration using the predetermined number of
prior computed values;

soltware-pipelining to parallelize multiple iterations by
overlapping execution of dependence loop instructions
in the prior computed values to reduce recurrence
initiation interval in the sparse array matrix based on
the run time dependency check; and

computing a virtual unrolling factor using the recurrence
initiation nterval and latency 1n number of cycles of a
floating point multiply add operation 1n the sparse array
matrix, wherein the predetermined number of prior
computed values 1s based on virtual unrolling using the
computed virtual unrolling factor.

6. The method of claim 3, wherein software-pipelining the

transformed sparse array matrix code comprises:

computing a predetermined number of variables based on
the virtual unrolling factor;

initializing the computed predetermined number of vari-
ables;

loading the prior computed values into the predetermined
number of variables;

assigning the prior computed values to a predetermined
number of substantially adjacent registers; and
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software-pipelining using the assigned prior computed

values.

7. The method of claim 6, further comprising:

performing register rotation to include computed values

obtained from the current iteration; and

repeating the software-pipelimng and using the register

rotated computed values to reduce the recurrence 1ni-
tiation interval i a next iteration.

8. The method of claim 7, wherein the computed values
obtained from the predetermined number of prior adjacent
iterations are based on virtual unrolling by using the virtual
unrolling factor.

9. The method of claim 8, wherein the virtual unrolling
factor 1s three.

10. A method comprising:

transforming loop computations from a predetermined

number of prior adjacent iterations 1n sparse arrays/
matrices to current loads code to perform a run time
dependency check using a predetermined number of
prior computed values;

software-pipelining the transformed loop computations

from the predetermined number of prior adjacent itera-
tions to perform a run time dependency check 1n a
current iteration using the predetermined number of
prior computed values;

parallelizing the loop computations using the prior com-

puted values; and

computing a virtual unrolling factor using recurrence

initiation interval and latency in number of cycles of a
floating point multiply add operation 1n the sparse
arrays/matrices, wherein the predetermined number of
prior computed values 1s based on virtual unrolling
using the computed virtual unrolling factor.

11. The method of claim 10, wherein the predetermined
number ol prior computed values 1s obtained from the
predetermined number of prior adjacent iterations based on
the virtual unrolling factor.

12. The method of claim 11, wherein the virtual unrolling
factor 1s three.

13. The method of claim 10, wherein parallelizing the
computations using the prior computed values comprise:

overlapping execution of dependence loop 1nstructions 1n

multiple dependent 1terations in the sparse arrays/ma-
trices using the software-pipelining.

14. The method of claim 10, further comprising:

assigning the prior computed values to a predetermined

number of adjacent register.

15. The method of claim 14, further comprising:

performing register rotation to include computed values

obtained from the current iteration.
16. An article comprising a computer-readable medium
which stores computer-executable 1nstructions, the mnstruc-
tions causing a computer to:
perform a run time dependency check during a current
iteration using prior computed values obtained from a
predetermined number of previous adjacent iterations
In a sparse array matrix;

parallelize dependent loop instructions between the cur-
rent and subsequent multiple iterations by using the
computed values to make the dependence loop 1nstruc-
tions 1nto mdependent loop 1iterations; and

compute a virtual unrolling factor using recurrence 1ni-

tiation interval and latency in number of cycles of a
floating point multiply add operation 1n the sparse array
matrix, wherein the prior computed values are based on
virtual unrolling using the computed virtual unrolling
factor.
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17. The article comprising a computer-readable medium
which stores the computer executable instruction of claim
16, wherein instructions causing a computer to perform the
run time dependency check further comprise instructions to:
transform loop computations from a predetermined num-
ber of prior adjacent iterations 1n sparse arrays/matrices
to current loads code to perform a run time dependency
check using a predetermined number of prior computed
values; and
soltware-pipeline the transformed loop computations
from the predetermined number of prior adjacent itera-
tions to perform a run time dependency check 1n a
current iteration using the predetermined number of
prior computed values.
18. The article comprising a computer-readable medium
which stores the computer-executable instructions of claim
16, wherein the instructions further cause the computer to
assign the prior computed values to a predetermined number
ol adjacent register.
19. The article comprising a computer-readable medium
which stores the computer-executable instructions of claim
18, wherein the instructions further cause the computer to
perform register rotation to include computed values
obtained from the current iteration.
20. A system comprising;:
a bus:
a processor coupled to the bus;
a memory coupled to the processor;
a network interface device;
wherein execution of loop computations 1 indirectly
accessed sparse arrays/matrices by the processor uses
soltware-pipelining to increase instruction-level paral-
lelism and decrease initiation interval by performing:

transforming loop computations from a predetermined
number of prior adjacent iterations in sparse arrays/
matrices to current loads code to perform a run time
dependency check using a predetermined number of
prior computed values;

soltware-pipelining the transformed loop computations

from the predetermined number of prior adjacent itera-
tions to perform a run time dependency check 1n a
current iteration using the predetermined number of
prior computed values;

parallelizing the loop computations using the prior com-

puted values to reduce recurrence mitiation interval in
the undisambiguated pointer stores from the predeter-
mined number of prior adjacent iterations to current
loads code based on the run time dependency check;
and
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computing a virtual unrolling factor using the recurrence
initiation interval and latency in number of cycles of a
floating point multiply add operation 1 the sparse
arrays/matrices, wherein the predetermined number of
prior computed values 1s based on virtual unrolling
using the computed virtual unrolling factor.

21. The system of claim 20, wherein the processor turther
assigns the prior computed values to a predetermined num-
ber of adjacent register.

22. The system of claim 21, wherein the processor further
performs register rotation to include computed values
obtained from the current iteration.

23. An article comprising a computer-readable medium
which stores computer-executable instructions, the instruc-
tions causing a computer to:

perform a run time dependency check during a current
iteration using prior computed values obtained from a
predetermined number of previous adjacent iterations
In a sparse array matrix, the performance of the run
time dependency check including instructions to cause
the computer to:

transform loop computations from a predetermined
number of prior adjacent iterations in sparse arrays/
matrices to current loads code to perform a run time
dependency check using a predetermined number of
prior computed values; and

soltware-pipeline the transformed 10op computations
from the predetermined number of prior adjacent
iterations to perform a run time dependency check 1n
a current iteration using the predetermined number
ol prior computed values; and

parallelize dependent loop instructions between the cur-
rent and subsequent multiple iterations by using the
computed values to make the dependence loop 1nstruc-
tions 1nto mdependent loop 1terations.

24. The article comprising a computer-readable medium
which stores the computer-executable instructions of claim
23, wherein the instructions further cause the computer to
assign the prior computed values to a predetermined number
ol adjacent register.

25. The article comprising a computer-readable medium
which stores the computer-executable instructions of claim
24, wherein the instructions further cause the computer to
perform register rotation to include computed values
obtained from the current iteration.
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